Rocket-borne instrumentation, launched into the morning sector auroral zone from Sondre Stromfjord, Greenland, detects electron density enhancements correlated with enhancements in the flux of soft (less than 1 keV) downgoing electrons. These electron density enhancements seem most likely to have been generated by direct production of ionization at F region altitudes. Model calculations of the electron impact ionization rate, based on the measured electron spectrum, lend support to this hypothesis. I/ickrey et al., 1980; Kelley et al., 1982; Robinson et al., 1985; Tsunoda et al., 1985], rocket measurements [e.g., Kelley et al., 1982], satellite measurements [e.g., Dyson et al., 1974; Clark and Raitt, 1976; Phelps and $agalyn, 1976; Rodriguez and $zuszczewicz, 1984; Basu et al., 1988], scintillation measurements [e.g., ,,larons et al., 1969; Rino and Mathews, 1979], as well as combinations of these and other measurements [e.g., Kelley et al., 1980; Weber eta/., 1985; Basinska et al., 1987]. In general, the density structures at the small-scale end of this range probably result from plasma instabilities, while the generation of the large-scale structures is most likely dominated by production/loss processes and convection (see, for example, discussion in the work by Kelley et al . [1982] ). For the inbetween scale sizes (hundreds of meters to ten kilometers), both instabilities as well as ion production and convection probably play an important role.
INTRODUCTION
The highly structured nature of the high-latitude F region at a variety of scale sizes from centimeters to hundreds of kilometers has been confirmed by a large number of measurements, including ionosonde measurements [e.g., $ato and Rourke, 1964], incoherent scatter radar measurements [e.g., Banks et al., 1974;  region. As Kelley et aL [1982] point out, the lifetime for such large structures, determined by the diffusion time, is very long, implying that once formed they may be convected great distances across the polar cap by the electric field. Indeed, Weber et aL [ 1984] present strong experimental evidence for the convection of the blobs across the polar cap. Sojka and Schunk [ 1986] have modeled the evolution of density structure in the highlatitude ionosphere and also conclude that these structures can convect long distances across the polar cap, although they find that the evolution of the structures is quite complex, with a great deal of structuring arising due to variations in the ionospheric convection electric field. The generation of the blobs is still a subject of some controversy. Kelley et al. and others (see review by Fejer and Kelley [ 1980] ) have shown evidence for the importance of soft electron precipitation in generating large-scale structures, with the source region perhaps concentrated in an annular ring of diffuse precipitation at the poleward edge of the oval. On the other hand, de la Beaujardidre et al. [ 1985] show evidence based on the universal time dependence of the blobs which suggests that the dominant generation mechanism may be solar EUV photoionization at the dayside, an idea first put forth by Sato and Rourke [1964] .
In this paper we shall show further evidence that soft electron precipitation can be a source of significant density enhancements in the high-latitude F region. Although a determination of the relative importance of the generation mechanisms for the large-scale structure is far beyond the scope of this study, our data do indicate that the soft electron ionization merits further attention, particularly at scales from 10 to 100 km. ROCKET 
MEASUREMENTS
NASA rocket 29.023 was launched from Sondre Stromfjord, Greenland (67 ø north, 51 ø west geographic), on January 23, 1985, at 0923 UT, corresponding to approximately 0800 magnetic local time. The rocket was launched in a magnetic southeasterly direction into the dayside auroral oval, which was characterized by sunward convection as determined from simultaneous incoherent scatter measurements by the Sondre Stromfjord radar. The payload reached an apogee of 500 km, and during the flight it traversed several auroral arcs, which were detectable visually, from all-sky camera data, and from their signatures in the rocket particle, density, and electric field data.
The particle detectors, provided by the University of California at San Diego, included measurements of the electron distribution function with 87-ms time resolution, obtained from a hemispherical electrostatic analyzer which measured 19 pitch angle channels simultaneously. This detector was swept over energies from 17 eV to 17 keV. Due to coning motion of the 3791 Labelle, J., R. J. Sica, C. Kletzing, G. D Earle, M. C. Kelley, D. Lummerzheim, R. B. Torbert, K. D. Baker, and G. Berg. 1989 rocket, the pitch angle coverage was sometimes uneven. The measurements of absolute energetic electron number and energy fluxes used in this paper are accurate to within a factor of 2-3, and the relative measurement of electron fluxes is accurate to 20-40%. (For details of the instrument, see Kletzing[ 1989] .) The absolute plasma density was measured by means of a Plasma Frequency Probe (PFP) provided by Utah State University. This instrument measures the plasma density with better than millisecond time resolution by detecting the upper hybrid resonance of the plasma [Baker et aL, 1969] . In addition, the relative ion density was obtained from a negatively biased Langmuir probe provided by Cornell University. Other instruments on board measured the electric field and energetic ions, but these will not be discussed further here.
Figure lb
shows an overview of the plasma density for the entire flight [Earle, 1988] . These data are plotted as a function of flight time, with the corresponding altitudes indicated at the top of the figure. Unfortunately, the PFP was ineffective throughout much of the topside F region (times from 160 to 570 s) due to the low density there. Hence the density shown in Figure I Figure 1 . This plot shows that even on time scales of 1 s the correlation between these two measurements is very high and that there is essentially no time lag between the peak in density and that in the electron flux. In some cases, as near t = 245 in Figure 2 , the downgoing electron energy flux appears somewhat more sharply structured than the electron density, but at other times this effect is not as apparent.
As discussed above, there are a number of possible sources for large-scale density structure in the auroral F region. These include the convection of structures formed by photo-ionization on the dayside, the effect of irregular electric fields on a background density gradient, vertical diffusion of enhanced plasma generated by ionization at lower altitudes, and direct production of ionization locally by soft electron precipitation. At these large scales, other sources, such as plasma instabilities, are believed to be of lesser importance [Kelley et al., 1982] . For the structures shown in Figure 1 , the mechanism involving photoionization seems unlikely due to the "instantaneous" coincidence between the density and the local precipitating electrons. The advection of the background gradient to form structures cannot be completely ruled out, since auroral arcs are associated with electric fields; however, this mechanism seems unlikely, since only density enhancements are observed, whereas the advection effect should also produce density depletions. Also, there is no evidence in simultaneous radar data for the large horizontal density gradients which would be required by this explanation. Finally, since the diffusion time along the field line is very long compared with the time for which the arcs are stationary (the order of minutes), it seems unlikely that the dominant mechanism involves production of ionization at lower altitudes followed by upward diffusion, a process which would not be capable of producing such sharp coincident features in the density and the precipitating electrons. In conclusion, it appears most likely that the excellent correlation between the density structure and the measured precipitating electrons arises because of direct local production of the density enhancements by impact ionization from the soft electrons. The To test the hypothesis that the soft electron precipitation directly produces the observed density structures through electron impact ionization, it is desirable to calculate whether the observed enhanced electron spectrum can produce adequate local enhancements in the electron density in the F region. This problem is similar to the E region study of Vondrak and , in which satellite measured electron spectra 
1989] has been used to calculate the ionization rates in the F region from the measured incident electron spectra. This model solves a time-independent, one-dimensional electron transport equation, which is derived from the Boltzmann equation. The transport equation neglects three-and multiple-body collisions, implying that the Boltzmann collision integral may be expressed as the difference between the sources and losses in a
given phase space volume. These sources and losses are given by differential cross sections, which describe elastic and inelastic interaction between streaming electrons and ambient neutrals. The model employs the energy degradation method of Swartz [ 1985] and the discrete ordinate method of Stamnes et al. [ 1988] for the transport along the geomagnetic field, and it includes elastic, excitation, dissociation, and ionization collisions with the neutral constituents of the upper atmosphere as well as energy loss to the ambient electron gas. Given the observed electron spectrum at the rocket altitude, the electron intensity is computed as a function of energy, pitch angle, and altitude for the region beneath the incident electron precipitation. The ionization rates are then calculated from the incident electron spectrum, the energy degraded secondary electrons, and the backscattered electron spectrum.
For this study, the mass spectrometer/incoherent scatter (MSIS) MSIS 86 empirical neutral atmosphere [Hedin, 1987] was used with the relevant geophysical parameters for the exact locations and times of the rocket measurements. Lacking independent information on the composition of the neutral atmosphere from simultaneous optical observations or in situ measurements, the MSIS 86 model outputs were used without modification.
Since the dominant species in the F region is atomic oxygen, the uncertainties of our results are governed by the uncertainty of the O density, which can be as large as 50% [Roble et al., 1984].
Typical of the six electron spectra modeled is event 2 (0927 UT). Figure 3a shows the pitch angle dependence of the angular differential energy flux of the electrons for this event, which is essentially isotropic in the downward hemisphere. The downward angular electron number flux as a function of energy near the peak of this event is shown in Figure 3b , along with the background level of the angular differential number flux spectrum as measured approximately 10 s before event 2. Note that the spectrum from the event is soft, with the high-energy peak at about 650 eV and a mean energy of 240 eV. (The mean energy is defined to be the ratio of the downward energy flux to the number flux.) This spectrum was used as an input to the electron transport code to calculate ionization rates for producing N•, O•, and O +. Though the code is capable of multistream calculations (for modeling complex pitch angle distributions), for this study a two-stream calculation was made. The impact of not resolving the hemispherical pitch angle distribution for these nearly isotropic electron spectra is negligible compared with the uncertainties in the neutral density profiles [Lummerzheim, 1987b] .
The spectrum in Figure 3b is only shown up to 2500 eV, since the detector was at its noise level for all larger energies. The high-energy peaks of all spectra modeled from this flight were below 1000 eV, and the number flux at 2500 eV was in every case about 3 orders of magnitude lower than at the high-energy peak. To be certain that the number density of higher energy electrons below the threshold of the instrument did not affect the ionization rates, the calculation was repeated with a high-energy tail extrapolated from the measurements. Because of the low energy flux at these energies, this extension had no appreciable effect on the ionization rates. To verify that the ionization rate is indeed enhanced at the rocket altitude during the events being modeled, the ion production was calculated for the "background" spectrum obtained just before the passage through the density structure and shown ..... ' ........ ' ........ ' ........ • ........ ' ...... as a dashed curve in Figure 3b . The angular energy flux in this spectrum is 0.2 ergs cm -2 s -• st -1, more than an order of magnitude less than during event 2. Using the background spectrum as an input to the auroral transport model, a total ionization rate is obtained which is shown by the dashed curve in Figure 5 . The solid curve in Figure 5 is the total ionization rate corresponding to event 2, obtained by simply adding the three curves shown in Figure 4 . Below 250 km, the background ionization rate differs significantly from that corresponding to the density structure, with the peak ion production near 150 km a factor of about 25 higher in the structure. At the rocket altitude, the differences are smaller, but the total ionization rate is still more than an order of magnitude smaller in the background case than in the event itself (8.1 cm -3 s -• for the background versus 86 cm -3 s -• for event 2). The ionization rates at rocket altitude for the six density structure events are given in Table 1. In Table 1 , all the columns represent either data or information pertaining to the six events except for the ionization rate, which is calculated using the electron transport model, and the required ionization time (•t), which is obtained from the calculated ionization rate and the absolute density enhancement. In three of the six cases, more accurate plasma frequency probe measurements are available and are used instead of the normalized Langmuir probe current to estimate the absolute density enhancements, although in all cases the differences are no more than 30%. The spectral shapes of all six events were similar, with mean energy varying from 240 to 440 eV. Events 2, 4, 5, and 6 correspond to nearly equal downward electron energy flux; event 1 has a somewhat lower energy flux, while event 3 has somewhat higher energy flux. The ionization rates naturally tend to be larger at the lower altitudes where the larger neutral density stops more of the incident energy.
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For comparison, we have also calculated the ionization rate for one of the lower-altitude events (event 6 in Table 1 and Figure 1, corresponding to 299 km) with the early model result of Rees [1963] to see if the cruder model gives a reasonable approximation of the ionization rate. Rees gives a formula for computing the ionization rate as a function of electron density (Table 1) . This is not surprising, since the ionization cross section peaks near 100 eV, and this result highlights the importance of the electrons below 400 eV for producing F region ionization.
DISCUSSION
The last three columns of Table 1 show, respectively, the measured absolute density enhancement of each event, the measured relative density enhancement (ANe/Ne), and the time required to generate this density enhancement (assuming the calculated ionization rate). Note that although the ionization rate is higher at lower altitudes, as noted above, the AN, in these six cases does not show an altitude dependence, and therefore the time required for the generation of the density structure varies with altitude from 20 to 30 s at 300 km to around 5 min at 450 km. (The time period for the six cases varies from 20-350 s, with a mean of 150 s.) For comparison, a typical recombination time for N, • 10 n cm -3 in the F region is about 1.5 hours [e.g., Wickwar et al., 1975] , far longer than the ion production times and therefore negligible. Typical diffusion times for a 10-km density structure are also much greater, as noted above: the order of an hour due to ions escaping along the field lines [e.g., Knudsen, 1974; Schunk et al., 1976] ; and at least 5 hours for perpendicular diffusion, even if the Bohm limit is assumed for the diffusion coefficient [Kelley et al., 1982] .
It is not known, however, how long the observed arcs remained stationary, since the rocket provides only a snapshot (10-20 s). All-sky photographic measurements were obtained from Sondre Stromfjord, but the rocket was near the horizon at the times of the precipitation events studied here. Unaided observations by the human eye indicated well-defined elongated arcs imbedded in a diffuse background during the flight. There is evidence from the particle signatures that the events indicated in Figure 1, especially numbers 4-6 , are more stable than other more impulsive features observed during the flight [Kletzing, 1988] . Events 4-6 also correspond to the broadest density structures, indicating that perhaps these events have been stable for a relatively long time. In summary, there is no hard evidence for the stationarity of the arc features other than the time of the rocket traversal itself (10-20 s). However, in the morning sector the oval tends to be rather stable [Akasofu, 1968] , and hence 5 minutes does not seem at all unreasonable for a weak morningside auroral arc.
Even if the arc is stationary, one has to consider the possibility that the newly produced plasma may drift out of the production region. The electric field during the flight was primarily southward, but with a zonal component of 10-20 mV/m [Earle, 1988] , implying a drift velocity of 200-400 m/s. This might in the worst case cause the ions to drift poleward or equatorward out of the production region on a time scale of 25-100 s, provided that the precipitation region has spatial scale of 10-20 km.
If the arc itself drifts at the same rate, this time scale is much longer. This spatial resonance effect has been discussed by Weber et al. [1984] . In any case, one may conclude empirically that the drift of the plasma out of the precipitation region on a time scale short compared with 150 s is probably not occurring because that would result in the density structure being significantly broader than the precipitation structure, while the observed density structures are either the same or only slightly broader than the precipitation structures (Figure 2) . CONCLUSIONS We have observed in the auroral F region at heights from 300 to 500 km a number of density enhancements, with ANdN, amplitudes of 30-70% (AN• • 0.5 --4.0 x 10 a cm -3) and spatial scales the order of 10-20 km (if they are assumed stationary and field aligned). In each case, the density enhancements are correlated with enhancements in the flux of precipitating (downgoing) electrons with mean energies of a few hundred electron volts. The electron flux enhancements and the coincident density enhancements are so highly correlated that production of these density structures through local ionization seems the most likely explanation of their origin. To test this hypothesis, an electron transport model has been used to determine the ionization rate based on the measured electron spectrum. The calculation shows that 20-350 s are required to create the observed density enhancements. Although no independent evidence could be obtained for the stationarity of the observed auroral structures, 5 minutes is not an unreasonable value for weak auroral features such as these. Hence the modeling lends some plausibility to the conclusion that these particular large-scale density structures arise from local ionization in the F region.
Of course, from such a limited data set we cannot make general conclusions concerning the source of all large scale structure in the high-latitude F region. Quite possibly such structure arises in general from several different generation mechanisms. However, our data do show that one of those mechanisms is the structuring in the ion production resulting from soft electron precipitation.
